Abstract-The dielectric stacking effects of Al
I. INTRODUCTION
C APACITORS are one of the key devices in radiofrequency (RF) and analog-/mixed-signal (AMS) integrated circuits such as image sensor application [1] , [2] . Metal-insulator-metal (MIM) capacitors are generally used to attain higher capacitance, to minimize the overall size, and to avoid the distributed effects [1] - [3] . For much higher capacitance and acceptable leakage current, high-permittivity (κ) dielectric materials have been introduced and investigated in MIM capacitors. According to ITRS for passive on-chip devices [3] , MIM capacitors require capacitance density higher than 12 fF/μm 2 , leakage current density lower than 10 −8 A/cm 2 , and voltage linearity lower than 100 ppm/V 2 by 2021. With thin dielectrics in capacitors, higher capacitance density has already been achieved; however, higher leakage current, lower breakdown voltage, and higher voltage linearity are inevitable due to their tradeoff relationship with intrinsic dielectric properties.
As high-κ dielectrics in a MIM capacitor, Al 2 O 3 and HfO 2 films have been widely reported [4] , [5] . Al 2 O 3 is a relatively low-κ material with the merits of a highly wide bandgap, high field strength, and thermal stability. On the other hand, HfO 2 is a material with high κ and medium bandgap. However, a MIM capacitor solely using • C and 300
• C. The dielectric structure consisted of one (A or H), three (AHA), five (AHAHA), and seven (AHAHAHA) stack layers using thin and amorphous Al 2 O 3 and HfO 2 films. For a one-layer dielectric film, Al 2 O 3 and HfO 2 films with thickness ranges of 15-30 nm and 25-50 nm were deposited. In the case of three stack AHA dielectric layers, the middle HfO 2 film thickness was fixed at 10 nm, whereas both bottom and top Al 2 O 3 film thicknesses were varied from 1 to 5 nm. For fiveand seven-stack-layer dielectric structures, Al 2 O 3 thickness was fixed at 1 nm, whereas the thicknesses of each HfO 2 film were 3.5 and 2 nm, respectively. The capacitance-voltage (C-V ) and current-voltage (J-V ) curves were measured by an HP 4285A LCR meter at 1 MHz and an Agilent E5270B measurement mainframe, respectively. III. RESULT AND DISCUSSION Fig. 1(a) Fig. 1(b) . At the same film thickness, breakdown voltage of Al 2 O 3 is higher than that of HfO 2 .
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Stacked structure of dielectrics is suggested to reduce the leakage current by trapping the flow of carriers at interfaces. At first, the AHA three-layer stack is suggested for a MIM capacitor. To keep higher capacitance, a thinner low-κ Al 2 O 3 and a thicker high-κ HfO 2 film are stacked. As shown in Fig. 2(a) • C. The J−V characteristics of the MIM capacitors with the AHA layer at various thickness configurations are shown in Fig. 2(b) . In the cases of the 1/10/1 AHA layers, the leakage current sharply increases until a hard breakdown voltage under 5 V. However, as the total thickness of Al 2 O 3 is increased to over 6 nm, a current gradually varies at first, and then, another conduction behavior appears due to the large thickness portion of Al 2 O 3 film. A large portion of Al 2 O 3 films, for example, 5/10/5 AHA layers, causes lower leakage current and high breakdown voltage over 9 V.
The C-V curves can be described by the quadratic equation C(V ) = C 0 (αV 2 + βV + 1), where α and β are the quadratic and linear voltage coefficients. The emphasis is on α, which is related to the stability of the capacitor element. Fig. 3(a) shows the normalized C-V curves of the AHA, AHAHA, and AHAHAHA MIM capacitors. The measured capacitance densities of five-and seven-stack-layer dielectric configurations well coincide with the expected capacitance densities using the κ values of Al 2 O 3 and HfO 2 films in the three-layer stack. Fig. 3(b) shows the J-V curves of the MIM capacitors, revealing two leakage current behaviors with voltage. One current flow at lower voltage region comes from the Al 2 O 3 film, and the other at higher voltage region is due to Fig. 4 HfO 2 film. As the capacitance density of the MIM capacitor is decreased, meaning the equivalent oxide thickness becomes thicker, out of consideration of dielectric structure, the leakage current at the same applied voltage is decreased, the onset point changing current behavior is increased, and the breakdown voltage is also increased. Fig. 4 shows the summarized electrical characteristics of MIM capacitors with the various dielectric schemes as a function of capacitance density for a fair comparison. As shown in Fig. 4(a) , leakage current measured at 4-V bias hardly depends on the dielectric and stack structure at the region below 8 fF/μm 2 due to relatively thick dielectrics. In this region, leakage current gradually increases with capacitance density and attains lower than 10 −7 A/cm 2 . In the cases of the AHA three-layer stack with a higher capacitance density, leakage current abruptly varies. However, for much higher capacitance density over 13 fF/μm 2 , the five-and seven-layer stacks show lower leakage current than the three-layer stack. For example, the seven-layer stack has a drastically superior current level to the three-layer stack (1/10/1-nm AHA) for the same capacitance density. Fig. 4(b) shows the breakdown properties as a function of capacitance density for dielectric schemes.
It is found that the Al 2 O 3 dielectric shows higher breakdown voltage than HfO 2 at comparable capacitance density, showing better resistance against electrical stress. For the three-layer stack, the breakdown voltage seems to obey the variation line of Al 2 O 3 , implying the domination of Al 2 O 3 against electrical stress. Here, the advantage of more stacked layers over five and seven stack layers is remarkable at higher capacitance density near and over 13 fF/μm 2 . The breakdown voltage of five-and seven-layer stacks is over 7 V, whereas that of the three-layer stack is below 5 V. The blocking of current through grain boundary channels attributes to the enhancement of leakage current [7] . Many interfaces between dielectrics play a role to prevent the charge from flowing at the end of conduction path and extend the dielectric breakdown voltage. Fig. 4(c) shows the relationship between α and capacitance density in MIM capacitors, indicating a strong dependence of α on the dielectric thickness. The value of α is inversely proportional to the dielectric thickness, i.e., α ∼ t −n [8] , [9] , indicating a linear relationship between α and the capacitance density with the slope of n on the log-log plot. The slope extracted from the AHA stack layer is 1.7, whereas those of Al 2 O 3 and HfO 2 single layers are over two. The steeper the slope, the stronger the thickness dependence on α. The lower n value of AHA dielectrics indicates an enhanced linear polarizability of the dielectric. Using a lower κ dielectric can improve the α value [11] . The value of α of the AHA dielectric is expected to become lower than those of Al 2 O 3 and HfO 2 single layers in the range of higher capacitance density near and over 13 fF/μm 2 .
IV. SUMMARY AND CONCLUSION
In MIM capacitors with high-κ dielectrics, the stacking effects of Al 2 O 3 and HfO 2 thin films have been investigated for their leakage current, breakdown voltage, and voltage linearity with capacitance density. By stacking the dielectrics over three layers, the dielectric permittivities of Al 2 O 3 and HfO 2 are enhanced, and their voltage linearities of capacitance are also improved than those of one-layer dielectrics. The stacking effect at five and seven dielectric layers having more interfaces apparently reveals improved leakage current behavior and higher breakdown voltage than one and three stack layers in the region of higher capacitance density over 13 fF/μm 2 . These results suggest that five-to seven-stack-layer dielectrics of Al 2 O 3 and HfO 2 in MIM capacitors for RF/AMS applications show a hint fully meeting device requirements.
